Introduction
In Europe, Fusarium langsethiae Torp & Nirenberg (FL) is considered the primary producer of T-2 and HT-2 mycotoxins (T-2 + HT-2) in oat Fredlund et al. 2010; Edwards et al. 2012; Opoku et al. 2013; Imathiu et al. 2013; Hietaniemi et al. 2016; Hofgaard et al. 2016a; Schöneberg et al. 2018) . F. sporotrichioides Sherb (FS) strains isolated from cereals in Europe are potent producers of T-2 + HT-2 in vitro (Langseth et al. 1998; Jestoi et al. 2008; Kokkonen et al. 2012a; Nazari et al. 2016 ), but they have not been shown to be important producers of T-2 + HT-2 in oat fields. Another important mycotoxin in European oat is deoxynivalenol (DON) with its derivatives, which in north-western Europe are primarily produced by F. graminearum Schwabe (FG) and to a lesser extent by F. culmorum (W.G.Smith) Sacc. (FC) Edwards et al. 2012; Nielsen et al. 2011; Fredlund et al. 2013; Hietaniemi et al. 2016; Hofgaard et al. 2016a) . Nivalenol (NIV), currently less important, yet considered a notable mycotoxin, which is mainly produced by F. poae (Peck) Wollenw. (FP) (Pettersson et al. 1995; Yli-Mattila et al. 2008; Bernhoft et al. 2010; Fredlund et al. 2013; Martin et al. 2018; Schöneberg et al. 2018) . The most comprehensive data on toxin contamination in cereals has been collected by the cereal industry, but is not publicly available. According to published survey results (Edwards 2009; Hietaniemi et al. 2016; Hofgaard et al. 2016a , Edwards 2017 ), average T-2 + HT-2 contamination in Finnish spring oat (regional means over ten years 173-263 μg kg −1 ) does not seem to differ much from contamination observed in Switzerland, south-eastern Norway, Sweden, and in the UK. The contamination is higher in winter oat than in spring oat in Switzerland and the UK. In the UK, regional annual means have reached 400-800 μg kg −1 in winter oats. Nazari et al. (2014) found in vitro that the growth of FL isolates from Italian durum wheat was possible between 10 and 35°C. The optimal temperature range for infection of durum wheat spikes was 15-20°C and for growth 20-30°C, peaking at 24-25°C. In experiments by Schöneberg et al. (2019) in Austria a lower optimum for infection of oat by FL was observed: inoculations at the beginning of anthesis (GS61) and at mid-anthesis (GS65) under 99% relative humidity (RH) at 10°C led to clearly higher DNA content of FL than inoculations at 15 and 20°C; 4 h of 99% RH after spraying of spores were enough for successful infection. The optimum for sporulation of FL was 25°C (Nazari et al. 2016) . For FS isolates in USA from wheat and maize the optimums were higher (Nazari et al. 2014 (Nazari et al. , 2016 . Toxin production by FL strains occurred over 10-35°C with an optimal range of 20-30°C (Nazari et al. 2014) . For isolates from oat in north-western Europe, the optimal range was found to be the same (Medina and Magan 2011; Kokkonen et al. 2012b; Imathiu et al. 2016) . The growth and toxin production by FL were reduced by water activity (a w ) when it fell below 0.98, and at 0.90-0.93 the growth rate was very low (Medina and Magan 2011; and Kokkonen et al. 2012b) . The temperature response of the toxin production was strongest at high a w , 0.98-0.99, and weak at 0.95. During the active growing period of oat in northern Europe, afternoon temperatures (ECA&D 2018) reach daily the steady state optimal range for growth and toxin production by FL in June to August, yet for most hours of the day temperatures in the air and in soil surface layers are below the optimum (Børresen and Njøs 1990; Mikkola 2014) ; only the optimum temperature for the infection by spores is reached 24 h a day during the expected period of primary infections. In living oat tissues a w remains high until ripening, when it falls initially below 0.95 (gravimetric water content approximately 25%) and then further under dry weather, but it varies strongly with air humidity and rain. Key information for timing the weather effects is the observed phenological phase when primary infections by FL take place. Injecting spores at boot stage, Divon et al. (2012) could create head infections, but Imathiu et al. (2013) and Opoku et al. (2013) found that the primary infections that later lead to toxin accumulation occurred largely at head emergence and anthesis. Schöneberg et al. (2019) found that inoculation with spores at GS61 and GS65 led to high DNA content of FL in oat grains, whereas earlier inoculations at GS51 and GS55 led to very low content.
These observations provide a basis for hypotheses of limitation of FL by weather. The hypotheses state that temperature limits growth of FL and T-2 + HT-2 production by FL throughout the season, but that low temperature favours primary infection. Humidity effects are expected to be seen near anthesis, when humidity limits primary infections by FL, and near ripening when under dry weather a w in grains falls below the demand for FL growth. Annual weather effects on FL and other Fusarium species may accumulate over years to become climatic effects.
The inoculum potential of FL is affected by agronomic factors, which is indicated by observed higher average T-2 + HT-2 contamination under non-inversion than inversion tillage in oat (Parikka et al. 2007; Bernhoft et al. 2010; Kuzdraliński et al. 2013; Hofgaard et al. 2016b; Edwards 2017; Imathiu et al. 2017; Schöneberg et al. 2018 ) and barley (Orlando et al. 2010; Schöneberg et al. 2016) . Oat residue may be carrying more FL to the next season than the residues from other cereals because oat is the most susceptible cereal species to FL (Opoku et al. 2018 ) and the residue of oat turned to the soil surface has been found to increase T-2 + HT-2 contamination (Edwards 2017) . However, in Europe the geographic distribution of the contamination does not seem to be well explained by the proportion of oat in rotation and tillage methods. The average contamination is lower in Finland than in the UK (Edwards 2009 , Hietaniemi 2016 , Edwards 2017 , even though the proportion of arable land covered by oat is regionally five to fifteen times higher in Finland than in the UK (Eurostat 2017) ; the cereal intensity of arable land and the use of non-inversion tillage are currently approximately equally high in Finland and the UK (Eurostat 2013 (Eurostat , 2017 .
In this study, data collected over twelve years in 804 oat fields were analysed. The primary goals were to estimate the timing of weather effects on T-2 + HT-2, FL and FS oat and to assess the relative importance of agronomic, weather and climatic factors. Climatic factors refer to long-term cumulative weather factors, but may also reflect climate-dependent cropping systems. Weather and climate are correlated by definition, but in 1-to 2-week periods tied to oat phenology variation of weather around climatic means is high. It is caused by variation in weather and in annual variation of up to 20 days in the dates of sowing, anthesis and harvest in survey sites. There are two major difficulties in interpreting survey data on toxins and Fusarium species. Firstly, climatic and weather effects are confounded with the effects of agronomic practices since farm types, soils and crop species are geographically clustered. Secondly, the range of weather in a survey domain determines how well weather effects are detected. Some effects may be hidden, while others are more dominant than in a wider geographic domain. This has an unknown influence on the validity of the detected effects outside the survey domain and complicates comparison with results obtained elsewhere. The approach chosen for reducing the confounding was to stratify the data with respect of climate. For assessing the validity of the found effects on T-2 + HT-2, FL and FS, they were compared with prior hypotheses that were derived from lower system studies, and they were benchmarked with analogous effects on DON, FG, FC, FP and other Fusarium species.
Methods

Survey, climatic and weather data
Field data consisted of T-2, HT-2 and DON concentrations and percentage incidences of Fusarium species (percentage of contaminated grains) that had been determined from grain samples in the Natural Resources Institute Finland (Luke, Table 2 , part 4). These data were a subset of larger data of which sampling methods, toxin analysis and the microbiological determination of Fusarium species have been described by Hietaniemi et al. (2016) . The observations selected to the subset had the same sampling procedure, equal methods for toxin and Fusarium determination and data were owned by Luke. Agronomic practices were available for most fields. They included sowing and harvest dates (Number of observations N = 803), moldboard ploughing (typically 25 cm depth, ploughed N = 662, non-ploughed N = 142), secondary tillage in nonploughed fields (zero tillage N = 34, minimum tillage with chisel plough or disc harrow once or twice N = 108), and cereal intensity, defined as the number of cereal crops in four years preceding a sampling year (0 cereals crops (recoded to 1) N = 2,; 1 N = 257; 2 N = 348; 3 N = 66; 4 N = 129). Non-cereal pre-crop species and their sequences were not known, but typically both under non-inversion and inversion tillage they were broad-leaved species (rapeseed, potato, caraway, sugar beet) or fallow crops (annual grasses and broad-leaved species); under ploughing also perennial grasses.
Climate (daily mean temperature°C and rainfall mm in 1981-2010) and weather variables (three-hourly mean temperature°C, relative humidity % (RH) and rainfall (mm)) were derived from spatially gridded (10 × 10 km) data provided by the Finnish Meteorological Institute. The data had been built using observations from weather stations and rain radars (Vajda et al. 2013; Aalto et al. 2016) . Since coordinates of sampled fields were not recorded and they were within a few kilometres from farm houses, the coordinates of farm addresses served as field coordinates.
Moving correlations with weather
Computing moving correlations (SAS proc corr) of the natural logarithm transformed concentrations of T-2 + HT-2 and DON and the incidences of Fusarium species with weather variables was the first step for timing weather effects and potential climate effects on toxins and Fusarium species. They also provided profiles for visual comparisons of the responses of the toxins and Fusarium species. The weather variables computed from 3-hourly data were means and sums over a seven-day window (−3 to +3 days from the window centre point). The window was moved one day at a time from 42 db-GS65 (days before mid-anthesis, see Abbreviations) to harvest. From 42 db-GS65 to 14 days before harvest the position of the window was expressed as a time distance to GS65; after that as a distance to the date of harvest. The dates of GS65 in surveyed fields were estimated with cultivar-specific linear temperature sum above 5°C (ETS) from sowing date to GS65. ETS requirements of cultivars were derived from standard cultivar trials (Laine et al. 2015) where sowing and harvest dates and major phenological stages were recorded (unpublished). GS65 was set to 50 degree-days after panicle emergence, since anthesis lasts approximately 100 degree-days (Rajala and Peltonen-Sainio 2011) . The ETS method may not have provided exact timing of anthesis, but the error was the same for T-2 + HT-2, DON and all Fusarium species, which allows comparing of the timing of their weather responses.
The weather variables were: mean temperature of a seven day period (Tm) (note that periods are not marked in variable names), sum of rainfall over seven days (Rainfall), weighted duration of high relative humidity over seven days (RHhours) [RHhours = ∑ t 1/(1 + exp(−s * (RH t − m)))] and the interaction of Tm with RHhours (RHhours×Tm) [RHhours × Tm = ∑ t Tm * 1/ (1 + exp(−s * (RH t − m)))], where t was hours over seven days, s = 0.25 and m = 80. s and m were constants that changed a step function (value of hourly duration rises from 0 to 1 as RH exceeds 80%) to a sigmoid function (value of hourly duration increases sigmoidally from 0 to 1 as RH increases from 65 to 95%, passing 0.5 at m = 80% RH). The purpose of using a sigmoidal threshold was to reduce the sensitivity of RHhours to possible small systematic spatial variation of the error of gridded RH.
Relative effects of climate, weather and agronomic factors
Cropping systems of the surveyed fields were known to be correlated to long-term climate -in warmer and drier regions cereal intensity was higher, ploughing less common and there were less grass break-crops (Table 2 , parts 5, 6). Therefore, the effects of cereal intensity and ploughing were expected to be better detected if the data were stratified with respect to climate. Five disjoint regions (Fig. 4) were created with cluster analysis (SAS proc fastclus) on the basis of 30-year mean values of climatic variables and the proportion of arable land sown with cereals at the grid cells of the surveyed fields. The cereal areas to grid cells were taken from 192 municipalities in which the cells were located (Luke 2017) . All input variables were standardized to mean zero and variance one to remove the influence of measuring scales. The climatic variables were constructed by using gridded daily data from the years 1980-2009 and GS65 dates predicted with ETS from grid cell specific mean sowing dates. Possible climatic variables for the cluster analysis were suggested by the moving correlation analysis (see above) and before cluster analysis their usefulness was assessed with linear regression log(ToxinConcentration) = α + β'x, where x were observations of climTm, climRainfall and their interaction. Since 30-year data at lower time resolution than a day was not available, the duration of high RH could not be used. The variables chosen to assign cells to regions in the cluster analysis were climRainfall (climatic rainfall) 35-26 db-GS65, climTm (climatic mean temperature) 10-1 db-GS65, climRainfall×climTm 10-1 db-GS65, climTm 5-24 da-GS65 (days after mid-anthesis, see Abbreviations) .
Options for modelling the relative effects of environmental and agronomic factors on T-2 + HT-2 were limited by the large proportion of observations where T-2 + HT-2 concentration was below the detection limit (Table 2 , part 2). The data met the requirements of logistic regression, which however did not provide interesting regional mean concentrations of toxins under ploughing and non-ploughing. They were computed with analysis of covariance (ancova) using cereal intensity (Cereal intensity) (number of preceding cereal crops 1 to 4) as a covariate.
Model 1
The probabilities of T-2 + HT-2 concentration quantiles (0, 0-75%, 75-100%) were predicted by logistic regressions, which treated all effects as fixed (SAS proc logistic). Four regressions were computed. First, using pooled observations of climatic variables with a model Prob(T-2 + HT-2 < 75% limit | x) = α + β'x, where x consisted of observations of variables climTm, climRainfall and their interactions. In the second stage pooled values of weather variables Tm, Rainfall, RHhours and their interactions were added as predictors. In the third stage ploughing (Ploughing) and Cereal intensity were added as predictors; they were first tried in a one-level model where all data were pooled, then in a two-level model where Ploughing and Cereal intensity were nested in the regions (A-E). Finally in the fourth stage, Inoculum presence of FL (FL = 0 or FL > 0) was added as a predictor. Inoculum presence was obviously partly associated with the other predictors, but it provided useful information for understanding the factors that determine T-2 + HT-2 contamination.
Potential climatic and weather variables for the models were derived from the moving correlation analysis (see above). They were concatenated over time when it improved or simplified the models. To describe the degree of collinearity of climatic and weather variables, their Pearson correlations were computed (Correlation 1). The regions had different average toxin contaminations (Table 2 , parts 1, 2), but region effects themselves were not of interest since they were described with the climatic variables and regional differences in break-crop species in surveyed fields were not known. To show the relative effect sizes of the predictors, final parameter values were calculated using data where the predictors were standardized to mean zero and variance one. This removed intercepts from the models.
Model 2 Regional (A-E) mean effects of ploughing (ploughed or non-ploughed) on T-2 + HT-2 and DON contaminations were computed with ancova by region (A -E) using cereal intensity (1 to 4) as a covariate. The model was log(ToxinConcentration) = α + β'x , where x consisted of observations of ploughing and cereal intensity (SAS proc glm). Because even within regions local climate could have influenced the choice of tillage method and thus tillage effects might represent partly climatic effects, two-sided t-test was computed by region to see if Tm, RHhours, Rainfall and interaction RHhours×Tm in the periods used in the regression model 1 were different in ploughed and non-ploughed fields (t-test 1). The independence of ploughing from cereal intensity was tested by computing Kendall rank correlation of Ploughing with Cereal intensity (Correlation 2). To test if in non-ploughed fields toxin concentrations were affected by zero tillage vs. minimum tillage, Kendall rank correlation of zero vs. minimum tillage with toxin concentrations was computed using pooled data (Correlation 3) (SAS proc corr).
Model 3 To show the effects of ploughing (ploughed or non-ploughed) and cereal intensity (1 to 4) on the probability of high toxin concentrations (>75% quantile limit) without weather effects, binary logistic regressions (logit link) computed by region (A-E) were used (Prob(T-2 + HT-2 < 75% limit | x) = α + β'x, where x consisted of observations of Ploughing and Cereal intensity (SAS proc logistic).
Model 4 The effects of ploughing (ploughed or non-ploughed) and cereal intensity (1 to 4) on incidences of Fusarium species were predicted with Poisson regression computed by region (A-E) (log(Incidence%) = α + β'x, where x consists of observations of Ploughing and CerealIntensity) (SAS proc genmod). All effects were fixed.
Relative importance of Fusarium species
Model 5 Relative importance of Fusarium species for producing T2 + HT2 and DON were assessed by computing multiple linear regressions by region (A-E) where natural logarithm transformed T2 + HT2 and DON were predicted by FL, FS and FG, FC, respectively (SAS proc reg).
Results
Moving correlations with weather
At 30-20 db-GS65, T-2 + HT-2 concentration was positively correlated with Tm and negatively correlated with the variables that indicated wet weather (Rainfall and RHhours) (Fig. 1) . Then, the correlation signs changed. A peak positive correlation with humid weather and negative correlation with cool weather occurred at 12-7 db-GS65. From a few db-GS65 until harvest, T-2 + HT-2 concentration was continuously positively correlated with Tm regardless of humidity. For most post-GS65 days, especially in the two weeks preceding harvest, T-2 + HT-2 was positively correlated with interaction RHhours×Tm. Until 14 da-GS65, T-2 + HT-2 was negatively correlated to Rainfall. Tm and Rainfall are mostly negatively associated in summer, which means that a correlation of the toxin with Tm may tell of a correlation of opposite sign with humidity or rainfall, unless otherwise suggested by a correlation of toxin with RHhours×Tm.
Compared with T-2 + HT-2, DON responded more positively to Tm 20-30 db-GS65 when daily mean temperatures were 13-14°C, and DON was more positively associated with Rainfall, except during the two weeks preceding harvest when it was positively related to cool and dry weather (Fig. 1) . Two weeks before GS65, the response of DON to Rainfall and RHhours rose at the same time as the response of T-2 + HT-2, but the peak positive response of DON was approximately five days later and the response continued much longer, until 7-10 da-GS65.
The incidence of FL responded to weather very much like T-2 + HT-2 concentration (Fig. 2) . The correlation profile of FS (Fig. 2) resembled that of FL, having similar peak response to Rainfall and other humidity variables at 10 db-GS65, and being constantly positively correlated with Tm after GS65. In 30-14 db-GS65, when Tm ranged from 11 to 19°C, FS was more strongly than FL related to warm and dry weather. Based on the temperature and rainfall profiles, FP (Fig.  2) belonged clearly to the same group as FL and FS although FP was consistently favoured by drier conditions. FG responded to weather like DON (Fig. 3) . FC (Fig. 3) was favoured by drier pre-GS65 weather than FG and had a very weak humidity response during anthesis. Weather types positively affecting F. avenaceum (Fr.:Fr.) Sacc. (FA) were a warm early season, rainy and humid 15-25 db-GS65, warm anthesis phase, cool and dry 10-25 da-GS65, increasingly rainy and humid towards ripening, and cool and dry near harvest (results not shown). F. tricinctum (Corda) Sacc. (FT) was correlated with a cool and dry week around GS65 and with increasingly warm weather after GS65 (results not shown). Other Fusarium species did not correlate with weather.
Relative effects of climate, weather and agronomic factors
The cluster analysis defined five regions largely by their climate. In Fig. 4 they are labelled A-E. The proportion sown with cereals could have been left out, but it joined a few spatial outliers to a surrounding region. In a onelevel logistic model, Cereal intensity was not significant and Ploughing was only weakly significant. In a twolevel nested model (Model 1), where Cereal intensity and Ploughing effects were nested in regions, their effects were significant in regions C to E (Table 1) . Estimates of the generalized coefficient of determination (R 2 ) indicated that the strongest predictor of T-2 + HT-2 contamination was Inoculum presence (Table 1) . Climate and weather were roughly equally important predictors, and together they explained more than Ploughing and Cereal intensity. Significant climatic variables were Tm, its interaction with Rainfall in 10-1 db-GS65 and Tm in three weeks after GS65 (Table 1 , part 1). Of the weather variables, T) from 5 db-GS65 to 39 da-GS65 was the most important predictor (Table 1, part 2) .
Collinearity between the climatic and the weather variables was not higher than among the weather variables: absolute values of correlations of weather variables with climatic variables (Correlation 1) ranged from 0.01 to 0.33 (Table 1, not caused by cereal intensity. DON was not correlated with zero vs. minimum tillage (tau = −0.02, p = 0.82). Ancova (Model 2) showed that mean T-2 + HT-2 concentration was significantly lower in ploughed than in non-ploughed fields in regions C to E (Table 2, part 1). Cereal intensity was significantly positively associated with T-2 + HT-2 in region D, and did not significantly interact with ploughing (results not shown). DON was significantly higher in ploughed fields in regions A and B (Table 2 , part 1).
The probability of high T-2 + HT-2 concentration (> Q75) (Model 3) was lower in ploughed than nonploughed fields in regions C to E, whereas DON was significantly affected by ploughing in any ( Fig. 5 ; Table 3 , part 1). In region D the probability rose with increasing cereal intensity.
The incidence of FL was lower in ploughed fields in three regions B, C and E, but higher in A and D (Model 4) ( Fig. 6 ; Table 3, part 2); the incidence of FS was lower in ploughed fields in region A (Fig. 6, Table 3 , part 2). The incidence of FG was higher in ploughed fields in three regions, and it decreased as cereal intensity increased in four regions (Model 4) (Table 3, part 2). The incidence of FC was clearly higher in ploughed than non-ploughed fields in four regions ( Fig. 6; Table 3 , part 2). The incidence of FP was higher in ploughed fields in regions A, B and D ( Fig. 6; Table 3 , part 2). FA was lower in ploughed fields in region D but decreased in C ( Fig. 6; Table 3 , part 2). F. tricinctum (FT) was significantly lower in ploughed fields in regions A, B, D, E and it was reduced in B and increased in D with increasi n g c e r e a l i n t e n s i t y ( r e s u l t s n o t s h o w n ) . F. arthrosporioides Sherb. (FR) was significantly higher in ploughed fields in region C but lower in E; it decreased with increasing cereal intensity in C and E but increased in B (results not shown). Other Fusarium Fig. 3 Moving correlations (vertical axes) of 7-day weather variables with percentage incidence of F. graminearum (FG, solid line), F. culmorum (FC, dashed line). Significance, horizontal axes and weather variables as in Fig. 1 . Number of obs. For every day 606 species were not significantly affected by the agronomic factors. Note that the incidences of Fusarium species varied by region and 76-90% of fields were ploughed. Therefore, the magnitude of the effects should be interpreted with caution.
Relative importance of Fusarium species T2 + HT2 was predicted largely by the incidence of FL (Table 4 , part 1), but FS was a minor co-predictor in regions B, D and E increasing R 2 less than by one fifth (Table 4 , part 2) (Model 5). DON was predicted only by the incidence of FG in south-western region A (Table 4 , part 3). In other regions FC increased R 2 by about one tenth (Table 4 , part 4).
Discussion
T-2 + HT-2 and DON contaminations were largely attributed to FL and FG, respectively, while FS and FC were minor toxin producers. To T-2 + HT-2 contamination contributed weather, agronomic factors and climate, but their overall explanation power (R 2 ) was only 0.20. A major reason for the low explanation power was likely the low inoculum level of FL in a large part of fields, which prevented weather effects from becoming manifested. Observed presence of FL was used as an additional predictor for correcting the lack of knowledge of inoculum presence. For better explanation levels other predictors that would enable the use of zero inflated models would be needed. The10 × 10 km resolution of the weather data provides generally rather good temperature estimates for fields within grid cells, but it smooths out local peaks of RH and especially convective rainfall. Because they were important near anthesis, any errors in the timing of anthesis further reduced their accuracy. However, comparisons between T-2 + HT-2, DON and Fusarium species were less affected because the timing errors were the same for all of them. Separately from weather variables, climatic variables captured information of grid cell means. Since the significant climatic variables were theoretically meaningful in the same way as the weather variables, a plausible explanation is that they represent the cumulative influence of past weather and climate dependent cropping systems on the inoculum potential of FL.
Ploughing, using minimum tillage instead of zero tillage and having low cereal intensity of rotation mostly reduced T-2 + HT-2 contamination, but had contradictory effects on FL. By contrast, DON was mostly increased by ploughing, not affected by zero tillage and generally not affected by cereal intensity. Corroborating Table 1 Results of four logistic regressions (SAS proc. logistic, log link) predicting probability of T-2 + HT-2 being in upper 25% quantile vs. 0 and 0-75% quantiles T-2 + HT-2 predictors Pr > ChiSq Stzd est the tillage effect on DON, FG and FC were mostly more common under ploughing than under non-ploughing, and FG decreased with increasing cereal intensity in four regions out of five. On the other hand, FC incidence increased with cereal intensity in the three most northern regions. (1) Ancova: predicted mean concentrations of T-2 + HT-2 and DON in ploughed and non-ploughed fields adjusted for cereal intensity, significance (p) for ploughing effect. The detected effects of cereal intensity and ploughing on T-2 + HT-2 fit the general pattern found in previous surveys and experiments on oat (Parikka et al. 2007; Bernhoft et al. 2012; Kuzdraliński et al. 2013; Hofgaard et al. 2016b; Edwards 2017; Imathiu et al. 2017; Schöneberg et al. 2018 ) and on barley (Orlando et al. 2010; Schöneberg et al. 2016 ). According to Edwards (2017) , the pre-crop effect is cumulative, depends on the sequence of the pre-crops, is stronger with grass than other non-cereal pre-crops and interacts with ploughing. Regarding DON and its producers, the results of this study are counterintuitive but not entirely contrary to previous results. For DON in wheat, the effects of tillage methods have been found to be quite variable (e.g. DillMacky and Jones 2000; Schaafsma et al. 2001; Munger et al. 2014) . The survival and inoculum potential of FG in wheat and oat fields have been found to be lower under moldboard ploughing than under zero or minimum tillage (Guo et al. 2010; Hofgaard et al. 2016b ). However, noninversion tillage can also bury a large proportion of crop residue, which is considered to reduce inoculum potential of FG (Khonga and Sutton 1988; Pereyra et al. 2004; Koch et al. 2006) . Fernandez et al. (2005 Fernandez et al. ( , 2007 Fernandez et al. ( , 2008 found in Saskatchewan on wheat and barley that head infections by FG were occasionally increased by broadleaved non-cereal pre-crops; tillage interacted with rotation; FG contamination in heads and crop residue tended to be the same or higher under minimum tillage than under ploughing, but under zero tillage FG contamination was lower than under ploughing. Tillman et al. (2017) in Germany found that FG was more common in winter wheat grains following sugar beet than following wheat. According to Rasiukevičiūtė et al. (2018) , faba bean, pea, sugar beet, fodder beet, oilseed rape and potato plants may serve as alternative or reservoir hosts for FG isolates that can infect wheat. In an Table 3 . When CI×MP were not significant (p ≤ 0.06), only CI and MP were used in prediction experiment by Supronienė et al. (2012) , ploughing reduced T-2 + HT-2 in winter wheat, but tended to increase DON. Importantly, the conclusions from this study are locally supported by the results of the tillage experiments reported by Parikka et al. (2018) : in 19 oat and barley experiments in multiple locations and years in Finland, FL incidence was on average higher, but the incidences of FG and FC were lower under zero tillage than under ploughing. Tillage and rotation effects on Fusarium species may be modified by soil fauna. When not disturbed by ploughing, population densities of epigeic and especially anenic earthworms increase over years (Briones and Schmidt 2017) . The most important anecic species in Europe and Finland is Lumbricus terrestris L. (Nieminen et al. 2011) , which creates valuable deep macropores in soil and incorporates and breaks down straw, thereby potentially reducing Fusarium density on the soil surface. The reduction is enhanced by the preference of L. terrestris for Fusarium infested straw over non-infested straw (Wolfarth et al. 2016) .
In their responses to weather, FL and T-2 + HT-2 differed from FG and DON mainly by having a shorter, 5-10 days earlier and weaker positive response to humidity near anthesis and a strikingly consistent positive response to warm weather in the post-anthesis period, when in first 4 weeks the range of daily mean temperatures is 15-23°C and maximum temperatures are 19-30°C. If GS65 dates in fields were on average correctly estimated, the positive humidity response peak and the negative temperature response peak of T-2 + HT-2 at 5-12 db-GS65 correspond to panicle emergence or early anthesis. The peaks coincide approximately with the phase when floret infections by FL have been determined to take place in the UK (Imathiu et al. 2013; Opoku et al. 2013) and FL has been isolated from panicles in Finland (Parikka et al. 2007 ). According to Tekle et al. (2012) , the peak period of primary infections of oat by FG is later, after mid-anthesis. Over the post-GS65 period, humidity was of secondary importance for T-2 + HT-2, but not without influence, as was shown by the positive RHhours×Tm interaction. It is obvious that responses of Fusarium species to weather are conditional to crop phenology onwards from a few weeks before anthesis, but earlier responses might depend on crop status only through its influence on microclimate.
A comparison of the weather responses observed in Finland, the UK (Xu et al. 2014) and Norway (Hjelkrem et al. 2018) shows that the responses are qualitatively remarkably similar with only minor differences. Early in the season, temperature response was weaker in Finland than in the UK, but due to late sowing in Finland this period is warmer and drier in Finland than in the UK (ECA&D 2018) . In the post-anthesis period, the response to daily mean temperature was as strong and consistent as in the UK, even though daily mean temperatures in the first four weeks after anthesis are 2-4°C higher in Finland than in the UK (ECA&D 2018). In Norway, the response to daily mean temperature was weak, but the duration of temperature and relative humidity exceeding minimum thresholds was a significant predictor. In the UK, where oat is mostly harvested under warmer and drier conditions than in Finland, the humidity effect was not detected. Based on their environmental responses, FG and FC form one group and FL, FS and FP form another. These groups correspond loosely to two phylogenetic groups of Fusarium species that infect small grains in northern Europe (Yli-Mattila 2010). Unlike FG and FC, FL, FS and FP were strongly favoured by warm post-anthesis weather. Most striking in the weather response of FG was an early positive response to warm weather followed by a three-week long strong positive response to duration of high humidity, which may reflect the temperature and humidity requirements of the growth and maturation of perithecia and ascospores (e.g. Manstretta and Rossi 2016) . FC has in vitro a lower temperature optimum and is less sensitive to low a w than FG (Brennan et al. 2003; Hope et al. 2005) . These traits fit with the observed higher tolerance of FC to low temperature at early season and the negative response of FC to humid pre-anthesis weather. FC did not significantly respond to humidity during anthesis, which suggests that at this stage FC could infect oat at lower humidity than FG, as shown by Rossi et al. (2001) on wheat, or a large part of recorded FC infections occurred later than at anthesis. In the third phylogenetic group consisting of FA, FR and FT (YliMattila 2010), FA and FR were climate and cropping system generalists, whereas FT incidence was clearly lower under ploughing than under non-ploughing.
In conclusion, T-2 + HT-2 and DON contaminations were largely attributed to FL and FG, respectively, and only small proportions were attributed to FS and FC. The results suggest that T-2 + HT-2 contamination was influenced both by weather and factors that were represented by the 30-year climatic variables. The responses to high humidity and temperature indicated that before or during anthesis, infections by FL leading to T-2 + HT-2 accumulation occurred earlier and over a much shorter period than the infections by FG that led to accumulation of DON. T-2 + HT-2 contamination was favoured by seasons with humid and cool weather one to two weeks before anthesis and warm weather in other stages. The effect of temperature on T-2 + HT-2, FL and FS was especially consistent after anthesis. The validity of the observed weather responses is not strictly limited to the surveyed domain, which is shown by the matching of the observed responses with the hypotheses derived from in vitro studies and with the observations made in oceanic climates. This implies that it may be possible to construct a model that would describe the quantitative theory of the infection pressure of FL and the risk of T-2 + HT-2 in Northern Europe. Average T-2 + HT-2 contamination and the risk of high contamination were reduced by ploughing, minimum tillage instead of zero tillage and rotation with non-cereal crops. However, they were inefficient for controlling DON, FG, FC, FP and FA or even increased them. Since common rotation practices and tillage methods of cereal farms are not efficient for controlling the total toxin risk, further research should aim to assess the influence of specific hypothetically effective crops and increasingly used novel crops, inter-crops, green manure crops and fertilizers of organic origin.
Availability of data The original data analysed in the current study are not publicly available because of data protection of farmers, the policies of institutes involved in data collection and excessive amount of data. Please contact corresponding author for data requests. Prediction of DON by percentage incidences of F. graminearum (FG) and F. culmorum (FC) (models 3 and 4 for regions A-E). On top row number of observations in regions. For the models 1-4 are shown coefficients of determination (R 2 ) and values of statistically significant (p < 0.05) predictor estimates (est.). Non-significant predictors that were not included in models are marked by dash (−)
